The plasma characteristics of a gas-liquid phase discharge reactor were investigated by optical and electrical methods. The nozzle-cylinder electrode in the discharge reactor was supplied with a negative nanosecond pulsed generator. The optical emission spectrum diagnosis revealed that , 844.6 nm) were produced in the discharge plasma channels. The electron temperature (T e ) was calculated from the emission relative intensity ratio between the atomic O 777.2 nm and 844.6 nm, and it increased with the applied voltage and the pulsed frequency and fell within the range of 0.5-0.8 eV. The gas temperature (T g ) that was measured by Lifbase was in a range from 400 K to 600 K.
Introduction
Discharge plasma technologies including nanosecond pulsed electric discharge have been widely applied in spraying, material modification, sterilization, pollution control, etc. [1] [2] [3] [4] [5] [6] . Nanosecond pulsed discharge is suitable for application on many occasions because it can efficiently generate plasma at a relatively lower energy cost. The reactive species such as high-energy electrons, OH and O are important components in the discharge plasma. For an example, recent studies show that persulfate oxidant can enhance the degradation of a pollutant by electric discharges, and the authors deduced that the physiochemical effects from electric discharges activate persulfate to stronger radical species [7, 8] .
Diagnosis of the discharge plasma characteristics is therefore helpful for studying how to improve the application efficiency and understanding the mechanism of reactive species' production. Optical emission spectroscopy (OES) is widely adopted to diagnose the discharge plasma at atmospheric pressure, especially for reactive species such as the OH radicals, atomic O, the excited state molecules, ions of N 2 and so on. The variety and relative concentration of the reactive species could be revealed by the spectrum. Further, the excited electron temperature (T e ) and density, gas temperature (T g ), atomic ionization degree, etc could be calculated based on the spectral lines.
The diagnosis of plasma by OES has achieved many useful results and many studies have demonstrated that OES is an important means for plasma diagnosis, e.g. the two-dimensional distribution of OH radicals under positive wire-plate pulsed discharge showed that the fluorescence yield of an OH radical was affected by the relative humidity and the oxygen concentration [9] . The T g of helium cold atmospheric pressure plasma with two parallel electrodes was found to be approximately room temperature through simulation of the OH line (309 nm) [10] . The T g of the downstream plume was slightly higher than that of the upstream plume [11] . The relative intensity of the spectral lines increased with the increase in the gas pressure; meanwhile, the mean energy of the electron, and the electronic excitation temperature decreased [12] . The time-resolved measurements revealed that the temporal evolution of the temperatures of the blackbody, hydrogen radical, and hydroxyl radical contained in the atmospheric pressure glow plasma consists of two stages: initial rise and fluctuation [13] .
In recent years, we have also done some experimental investigations on water treatment by gas-liquid discharge plasma [14, 15] , but we still want to reveal the gas-liquid discharge plasma characteristics. However, there are few reports on the pure air discharge plasma's diagnosis, argon or other inert gas is added. In this paper, the plasma characteristics in a nanosecond negative pulsed discharge reactor with nozzle-cylinder electrode configuration were diagnosed, and the electrical characteristics, the reactive species, the T e and the T g were measured and calculated.
Experimental setup
The schematic experiment system is shown in figure 1 . The system consists of a negative pulsed power supply (P60D-II bipolar high voltage pulse power supply, Dalian University of Technology), a discharge reactor with a nozzle-cylinder electrode, and the monitoring apparatus of electrical parameters. The negative pulse power supply with a storage capacitor (C) of 36 nF and a pulse forming capacitor (C p ) of 2.4 nF can output voltage in the range from −20 kV to 40 kV, at a pulse frequency of 0-120 Hz. Each pulse has a width of 0-500 ns and a pulse rise time of 0-200 ns.
A stainless steel nozzle electrode with a 2 mm outer diameter and an 1.8 mm inner diameter is placed in the middle of a stainless steel cylinder reactor with an inner diameter of 70 mm. The nozzle electrode is powered by a negative nanosecond pulsed generator, and the cylinder reactor with a thickness of 0.1 mm is grounded. Deionized water is filled into the reactor to make the nozzle tip contact with the water surface. The water conductivity is about 10 μs cm −1 and the volume of water is 400 ml. There is not an air-blowing device in this experiment system. The discharge happens on the water surface which contacts the air outside of the reactor through the nozzle. Discharge voltage and current are measured by a 1:1000 high voltage probe (Tektronix P6015A) and current probe (Tektronix A6302), respectively. The voltage and current waveforms are observed by a digital storage oscilloscope (Tektronix TDS 3014 C).
The optical emission spectrum is diagnosed by a spectrometer (Andor, SR-303i-B) through an observation window on the reactor. During the experiments, the grating of 1200 lines/mm is adopted with the 300 nm blaze wavelength. The spectral resolution of the spectrometers is 0.1 nm with a wide spectral range from 200 nm to 1100 nm. The integral time of the spectrometer was 12 000 ms in our diagnosis. The distance between the probe of the fiber and the observation window is 5 cm, and the probe and the nozzle tip are kept in a straight line.
Results and discussion

Electrical characteristics
In the experiments, the applied voltage with 50 Hz pulse frequency was in the range from −22 kV to −26 kV; the discharge voltage, current and pulse energy waveforms are shown in figures 2-4, respectively. The pulse width was about 50 ns and the rising time was about 40 ns.
The peak values of discharge voltage, current and pulse energy with different applied voltage are shown in table 1.
From the voltage and current waveforms, we found that the current waveform lagged behind the voltage waveform. The peak value of the pulse energy is in the range of 146-280 kW, as shown in figure 4 . The pulse frequency was changed from 30 Hz to 70 Hz at the applied voltage of −24 kV; the resulting discharge voltage, current and pulse energy waveforms are shown in figures 5-7. The results show that the changing pulse frequency hardly affects the amplitude of the discharge voltage, current and the pulse energy.
Diagnosis of reactive species
High-energy electrons produced in the pulsed discharge processes, and the bonds of molecules O 2 , N 2 and H 2 O would be broken by the bombardments of the high-energy electrons, therefore, reactive species, such as an atomic O, OH radical, O 3 molecule and H 2 O 2 molecule are produced [16] [17] [18] [19] [20] . Figures 8-11 11 show that the relative intensity of the OH, N 2 and O spectra increased with the applied voltage from −22 kV to −26 kV at a pulsed frequency of 50 Hz. The relative intensity of OES corresponds with the relative concentration of reactive species, so the results in figures 8-11 imply that higher applied voltage promotes the generation of reactive species. At a fixed discharge electrode spacing, higher applied voltage means a higher average electric field; table 1 shows that the average electric field was about 4.8-5.7 kV cm −1 for the nozzle-to-cylinder spacing of 35 mm, so a higher applied voltage (electric field) promotes the generation of reactive species. The applied high voltage was −24 kV in all experiments. The results show the relative intensity of the active species' spectra increases with the pulsed repetition frequency.
T e measurement
The 2λ method (i.e. the relative intensity ratio of two spectral lines) was used to calculate the T e in non-thermal plasma [ [21] [22] [23] [24] . The T e can be deduced from the relation between two excitation levels of O atoms by equation (1).
where the subscripts 1 and 2 represent the 777.2 nm and 844.6 nm lines, respectively; I is the relative intensity of these spectra lines; A is the transition probability; g and E are the degeneracy and excitation energy of the upper state, respectively; λ is the wavelength of the atomic O, and k is the Boltzmann constant. The parameters E, g, A are taken from the NIST [25] and are tabulated in table 2.
The effect of applied voltage and pulsed frequency on the T e is presented in figures 16 and 17 , respectively. The T e decreased with the applied high voltage from −22 kV to −26 kV, which could be ascribed to the increase in the number of inelastic collisions between electrons and molecules [26] [27] [28] ; however, pulsed frequency in the range of 30-70 Hz hardly affected the T e . The T e in this experiment ranges from 0.5 eV to 0.8 eV, which is the same order of magnitude as other atmospheric pressure non-thermal plasma [28, 29] .
T g measurement
The T g of heavy species can be deduced from the rotational temperature (T r ) due to the strong coupling between translational and rotational energy states [30] . At atmospheric pressure, the OH radical's T r could be accepted as an estimate of the T g [31] . The T r of OH radicals was simulated by Lifbase based on their emission spectrum of 306-309 nm Figure 18 presents that the T r of OH radicals increased from 400 K to 600 K with the applied voltage from −22 kV to −26 kV at the pulsed frequency of 50 Hz. The effect of the pulsed frequency (30-70 Hz) on the T r of OH radicals at an applied voltage of −24 kV is shown in figure 19 . The T r increased with the pulsed frequency and also fell in the range of 400-600 K. The results from figures 18 and 19 imply that the injection energy of electric discharge greatly affects the T g .
Conclusions
This paper has presented the plasma characteristics in a negative nanosecond pulsed gas-liquid discharge reactor with a nozzle-cylinder electrode. The results show that the relative spectral intensity increased with the applied high voltage and the pulsed frequency. The T e was in the range from 0.5-0.8 eV when the applied voltage was changed from −22 kV to −26 kV. The pulsed frequency hardly affected the T e , however, the T g which was between 400 K and 600 K increased with the pulsed frequency and the applied voltage.
